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INTRODUCTION 


BRCA1  (breast  cancer  1,  early  onset)  plays  diverse  functions  including  DNA  maintenance  and 
repair1"3  as  well  as  cell  cycle  control,  such  that  BRCA1  induced  arrest  at  different  check-points 
of  the  cell-cycle  to  allow  the  necessary  time  required  for  DNA  repair.4"6  Few  studies  have 
examined  tumor  expression  of  BRCA1  as  a  biomarker  of  lethal  prostate  cancer.  Inherited 
mutations  in  BRCA1,  usually  resulting  in  non-functional,  truncated  proteins,  have  been 
implicated  in  substantially  increased  risk  in  breast  and  ovarian  cancer.7"9  Accumulating  evidence 
also  points  to  BRCA1  germline  mutations  causing  increased  prostate  cancer  risk  in  specific 
study  populations.10  11  While  the  associations  of  germ-line  mutations  in  BRCA1  on  prostate 
cancer  susceptibility  have  been  examined  in  some  detail,  no  study  has  examined  germline 
mutations  or  common  polymorphisms  in  relation  to  lethal  prostate  cancer,  nor  whether  germline 
variation  in  BRCA1  could  influence  protein  tumor  expression.  Our  hypothesis  is  that  activation  of 
BRCA1  in  a  subset  of  prostate  tumors  is  a  direct  consequence  of  the  increased  proliferation 
rate.  This  activation  is  a  compensatory  mechanism  of  the  tumor  cells  in  the  attempt  to  allow 
DNA  repair  in  rapidly  replicating  cells.  If  confirmed,  our  preliminary  findings  suggest  BRCA1 
protein  expression  could  be  an  important  biomarker  of  lethal  prostate  cancer  and  help  guide 
therapeutic  decisions.  In  addition,  these  results  will  help  advance  our  understanding  the  role  of 
BRCA1  in  cell  cycle  control,  and  perhaps  lead  to  identification  of  potential  targets  for  new  anti¬ 
cancer  agents.  The  objective  of  the  proposed  study  is  to  characterize  the  role  of  BRCA1,  both 
at  the  tumor  and  DNA  level,  in  prostate  cancer  progression.  Specifically,  we  hypothesize  that 
prostate  tumors  positive  for  BRCA1  are  characterized  by  a  rapidly  lethal  phenotype,  and  that 
this  association  is  due  to  a  “last  chance”  compensatory  mechanism  by  cells  to  overcome  the 
highly  proliferative  nature  of  a  subset  of  tumors.  Moreover,  we  hypothesize  that  prostate  cancer 
cases  with  BRCA1  mutations  or  specific  genetic  variants  are  at  increased  risk  of  lethal  prostate 
cancer,  and  that  part  of  the  association  may  be  acting  through  regulation  of  BRCA1  expression 
in  tumors. 


-4- 


BODY 


Specific  Aim  1:  BRCA1  tumor  expression  and  lethal  prostate  cancer 

We  characterized  BRCA1  tumor  status  in  prostate  cancer  using  immunohistochemistry  on  tumor 
tissue  microarrays  to  evaluate  expression  of  the  BRCA1  protein.  This  was  completed  for  1 ,300 
men  with  prostate  cancer.  Moreover,  we  proposed  to  characterize  the  extent  of  tumor 
proliferation  and  two  markers  of  cell  cycle  progression  (p21  and  p27).  We  have  now  completed 
immunohistochemical  staining  and  evaluation  for  the  markers  BRCA1  and  ki67  on  six  tumor 
tissue  microarrays  for  the  Health  Professionals  Follow-up  Study  (HPFS)  (as  shown  in 
Supporting  Data,  Figure  I).  We  have  further  stained  for  p21  and  have  begun  the  quantitative 
image  analysis  of  expression  on  the  2,000  tumor  tissue  microarray  cores.  We  have  achieved 
our  major  benchmarks  for  Tasks  1  and  2. 

We  had  previously  completed  the  clinical  review  of  the  tumor  tissue  cohort  with  follow-up  in  the 
last  funding  period.  For  this  year,  we  continue  to  follow  the  cohort  of  patients  for  development 
of  metastatic  disease  and  cancer/all  cause  mortality.  The  endpoints  committee  has  completed 
the  review  for  cause  of  death,  and  we  have  finalized  the  abstraction  of  data  on  metastases  and 
additional  treatment  information.  We  have  a  finalized  a  SAS  dataset  for  all  of  the  men  with 
prostate  cancer  in  the  cohort.  Thus,  we  have  completed  Task  3  of  this  aim. 

We  have  now  completed  the  statistical  analyses  of  BRCA1  protein  expression  and  lethal 
prostate  cancer  in  the  Health  Professionals  Follow-up  Study.  The  manuscript  submitted  to 
Molecular  Cancer  Research  appears  as  Appendix  1 .  In  line  with  our  findings  in  the  Physicians’ 
Health  Study1,  we  found  immunohistochemical  staining  was  positive  for  BRCA1  protein  in  a 
subset  of  prostate  cancer  patients  (10  percent).  There  was  a  strong  correlation  between  BRCA1 
expression  and  Gleason  grade,  with  BRCA1  -positive  tumors  being  of  higher  grade  than  BRCA1- 
negative  tumors  (ptrend=0.01 ,  Supporting  Data,  Table  I).  Moreover,  we  found  that  prostate 
tumors  expressing  BRCA1  also  exhibited  a  higher  proliferative  index  as  measured  by  Ki67 
expression  (ptrend=0.005).  During  a  median  follow-up  time  of  14  years,  59  men  (1 1  percent)  in 
the  BRCA1 -negative  group  and  15  men  (25  percent)  in  the  BRCA1 -positive  group  developed 
metastases  or  died  of  prostate  cancer-related  causes.  On  unadjusted  analysis,  there  was  a 
strong  positive  association  between  BRCA1  protein  expression  and  risk  of  lethal  prostate 
cancer  (HR  2.40,  95%  Cl  1.36-4.23,  p=0.003,  Supporting  Data,  Table  II).  After  adjusting  for 
age  at  diagnosis  and  Gleason  score,  there  remained  a  higher  risk  of  lethal  prostate  cancer 
among  men  with  BRCA1 -positive  tumors  (HR  1.76,  95%  Cl  0.99-3.11,  p=0.053).  This 
association  was  not  substantially  attenuated  after  adjusting  for  ki67,  suggesting  a  pathway  of 
BRCA1  expression  independent  of  cell  cycle  regulation.  These  data,  in  combination  with  results 
from  the  Physicians’  Health  Study,  suggest  that  prostate  tumors  expressing  BRCA1  protein  are 
characterized  by  dedifferentiation  and  a  high  proliferative  index,  and  BRCA1  expression  may  be 
an  independent  predictor  of  prostate  cancer  progression.  We  have  made  substantial  progress 
on  this  task  as  well  as  the  aim  overall. 

Specific  Aim  2:  Germline  mutations  and  polymorphisms  in  BRCA1  and  lethal  prostate 
cancer 

On  November  16,  2011,  we  received  approval  from  the  US  Army  Prostate  Cancer  program  to 
change  the  scope  of  Aim  2.  Given  the  low  frequency  of  genetic  mutations  in  BRCA1  in  a 
nonfamilial  cancer  population,  we  suggested  to  revise  the  original  aim  as  follows:  1-)  Examine 
common  gene  variants  in  BRCA1  and  risk  of  aggressive  prostate  cancer  using  existing 
genotyping  data  from  a  genome  wide  associate  study  scan;  2-)  Integrate  mRNA  and  microRNA 
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data  together  with  the  BRCA1  protein  expression  data  to  understand  mechanisms  and 
additional  pathways  associated  with  the  expression  of  BRCA1  at  the  protein  level. 

For  the  first  part  of  the  aim,  we  evaluated  existing  data  from  a  genome  wide  association  study 
among  630  prostate  cancer  cases  in  the  Physicians’  Health  Study  that  were  genotyped  using  an 
Affymetrix  platform2.  We  studied  six  single  nucleotide  polymorphisms  (SNPs)  in  BRCA1  in 
relation  to  cancer-specific  mortality.  We  found  all  six  BRCA1  SNPs  were  positively  associated 
with  risk  of  lethal  prostate  cancer  during  follow-up  (Odds  Ratios~1 .29-1 .34,  p-trend~.02-.04). 
The  SNPs  from  the  Affymetrix  platform  are  in  strong  linkage  disequilibrium,  such  that  one  SNP 
characterizes  the  other  SNPs.  We  have  initiated  kernel  machine  based  algorithms  to  more 
comprehensively  analyze  the  pathway.  Moreover,  we  have  received  additional  data  on 
common  genetic  variation  in  BRCA1  from  550  prostate  cancer  cases  and  age-matched  controls 
who  are  part  of  an  NCI  funded  genome  wide  scan  of  aggressive  prostate  cancer.  The  prostate 
cancer  cases  include  men  diagnosed  with  advanced  stage  (T3  or  higher)  or  high  grade 
(Gleason  8  or  higher)  cancers. 

In  the  past  year,  we  have  further  genotyped  common  variation  in  BRCA1  among  1400  cases 
from  the  Health  Professionals  Follow-up  Study.  Using  the  Tagger  algorithm  implemented  in  the 
Haploview  program,  we  identified  6  linkage  disequilibrium  tagging  single  nucleotide 
polymorphisms  (SNPs)  to  capture  variation  with  R2  >0.8  within  BRCA1  and  10  kilobases  up  and 
downstream.  We  have  created  a  dataset  to  integrate  the  genotyping  data  with  protein 
expression  of  BRCA1  (immunohistochemistry)  and  the  tumor  mRNA  expression  of  BRCA1.  We 
are  currently  analyzing  the  data  to  assess  the  association  between  the  SNPs  and  prostate 
cancer  survival.  We  will  also  assess  if  the  SNPs  are  related  to  mRNA  expression  or  protein 
expression  of  BRCA1 .  Currently,  we  are  preparing  an  abstract  based  on  these  findings  for 
presentation  at  a  national  cancer  meeting. 

For  the  second  part  of  the  aim,  we  integrate  the  protein  expression  data  together  with  mRNA 
data  from  an  earlier  gene  expression  profiling  data  on  1 16  prostate  cancer  cases  in  the 
Physicians’  Health  Study.  The  mRNA  data  were  generated  using  a  6K  DASL  lllumina  array  as 
described  previously3.  We  undertook  a  gene  set  enrichment  analysis  to  interrogate  gene 
pathways  at  the  mRNA  level  that  are  enriched  in  BRCA1  protein  positive  vs.  negative  cancer 
(Supporting  Data,  Table  III).  Using  a  false  discovery  rate  of  <0.10,  there  were  eight  pathways 
defined  within  KEGG  that  were  significantly  different  in  BRCA1  positive  prostate  cancer 
including  alteration  in  DNA  repair,  cell  cycle  regulation  and  hedgehog  signaling.  For  future 
work,  we  have  now  expanded  the  mRNA  profiling  of  prostate  cancer  cases  within  the 
Physicians’  Health  Study  and  Health  Professionals  Follow-up  Study  and  have  both  protein 
BRCA1  expression  and  whole  genome  mRNA  profiling  data  on  450  patients.  The  mRNA 
profiling  was  completed  using  whole-transcriptome  amplification  (WT-Ovation  FFPE  System  V 2; 
NuGEN)  followed  by  hybridization  to  the  GeneChip  Human  Gene  1 .0  ST  Array  (Affymetrix) 
which  profiles  >28,000  genes  with  ~26  probes  per  gene  and  initiates  amplification  at  the  3’  end 
as  well  as  randomly  throughout  the  transcriptome  to  improve  performance  in  severely  degraded 
FFPE  samples.  In  our  pilot  work  on  this  array,  we  show  high  reproducibility  across  technical 
replicates  in  our  prostate  cancer  cases  even  with  11-21  year  old  blocks  (r>0.9)  (Supporting 
Data,  Figure  II),  and  detection  of  meaningful  signatures  of  high  grade  vs.  low  grade  cancer 
(Supporting  Data,  Figure  III).  The  additional  bioinformatics  analyses  within  this  larger  dataset 
will  provide  a  more  comprehensive  picture  of  the  pathways  dysregulated  in  tumors  that  express 
BRCA1  protein  and  that  may  be  driving  this  aggressive  phenotype.  Moreover,  by  incorporating 
the  Connectivity  Map  algorithms,  we  may  identify  potential  therapeutic  targets  that  may  be 
useful  in  BRCA1  positive  prostate  cancer.  Taken  together,  we  have  made  considerable 
progress  on  this  aim  of  the  study. 
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KEY  RESEARCH  ACCOMPLISHMENTS 


•  Completed  immunohistochemical  staining  for  BRCA1  protein  in  archival  radical 
prostatectomy  specimens  of  589  men  participating  in  the  Health  Professionals 
Follow-Up  Study. 

•  Linked  together  BRCA1  protein  expression  data  together  with  mRNA  profiling 
data  to  identify  notable  pathways  that  are  differentially  expressed  in  BRCA1 
positive  and  negative  prostate  cancer. 

•  Completed  pathologic  review  of  cohort  on  Gleason  grading  and  constructed  new 
tumor  tissue  microarrays 

•  Completed  biomarker  studies  on  tumor  tissue  microarrays  to  assess  protein 
expression  of  BRCA1  and  cellular  proliferation 

•  Created  an  Access  database  for  standardized  collection  of  clinical  database.  This 
resource  will  be  used  for  future  projects 

•  Created  an  integrated  and  cleaned  SAS  database  linking  together  clinical,  tumor 
biomarker  and  outcome  data  for  statistical  analyses. 

•  Completed  review  of  tissue  specimens  for  identifying  histologically  normal  tissue 
and  completed  DNA  extraction  with  excellent  DNA  yields 

•  Corroborated  the  association  between  BRCA1  expression  and  lethal  prostate 
cancer  that  was  previously  reported  in  the  Physicians’  Healthy  Study  and  drafted 
a  manuscript  outlining  the  results. 

•  Genotyped  common  variation  1400  cases  from  the  Health  Professionals  Follow¬ 
up  Study. 

•  Using  the  Tagger  algorithm  implemented  in  the  Haploview  program,  we 
completed  genotyping  for  6  linkage  disequilibrium  tagging  single  nucleotide 
polymorphisms  (SNPs)  to  capture  variation  with  R2  >0.8  within  BRCA1  and  10  kb 
up  and  downstream. 

•  Created  a  dataset  to  integrate  the  genotyping  data  with  protein  expression  of 
BRCA1  (immunohistochemistry)  and  the  mRNA  expression  data  (extracted  from 
the  whole-genome  mRNA  expression  study  conducted  on  the  GeneChip  Human 
Gene  1.0  STArray  (Affymetrix)). 

•  Published  manuscript  on  BRCA1  protein  expression  of  lethal  prostate  cancer  in 
Cancer  Research  (APPENDIX  1)  and  presented  results  at  the  US  Army  Prostate 
Cancer  ImPACT  meeting  in  201 1 

•  Undertook  analyses  using  existing  GW  AS  data  and  identified  SNPs  in  BRCA1 
that  are  associated  with  risk  of  lethal  prostate  cancer 

•  Submitted  manuscript  on  the  positive  association  of  BRCA1  protein  expression 
with  lethal  prostate  cancer  to  Molecular  Cancer  Research  on  July  2,  201 3. 
(APPENDIX  2) 
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•  Presented  findings  in  a  podium  presentation  at  the  Societe  International 
d’Urologie  (SIU)  Annual  Congress  in  Fukuoka.  (APPENDIX  3) 

•  Presented  abstract  at  the  Annual  Multi-Institutional  SPORE  Retreat  in  Fort 
Lauderdale,  FL.  (APPENDIX  4) 
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REPORTABLE  OUTCOMES 


•  Irene  Shui,  who  has  been  working  on  the  SNPs  in  BRCA1  analysis,  has  now 
been  promoted  to  Research  Associate  in  the  Department  of  Epidemiology  at  the 
Harvard  School  of  Public  Health. 

•  Research  Fellow  working  on  the  project  (Kathryn  Penney)  was  promoted  to 
Instructor  of  Medicine  at  Harvard  Medical  School 

•  This  project  has  helped  solidify  an  international  collaboration  in  prostate  cancer 
patho-epidemiology  -  the  Transdisciplinary  Prostate  Cancer  Partnership 
(ToPCaP,  www.topcapteam.org)  bringing  together  researchers  across  the 
disciplines  of  molecular  biology,  pathology,  epidemiology  and  biostatistics. 

•  Dr.  Mucci  was  named  the  Outstanding  Young  Investigator  from  the  Prostate 
Cancer  Foundation  based  on  experience  supported  by  this  award 

•  Development  of  prostate  tumor  tissue  microarrays  of  the  Health  Professionals 
Follow-up  Study  cohort  that  is  the  basis  for  several  new  collaborations  and 
research  projects 

•  Presented  results  at  national  research  meetings 

o  US  Army  Prostate  Cancer  Program  ImPACT  Meeting,  Orlando,  FL  in 
2012 

o  Multi-Institutional  SPORE  Retreat  Fort  Lauderdale,  FL  March  18-20, 
2013  (APPENDIX  4) 

•  Presented  results  at  an  international  research  meeting 

o  Piotr  Zareba  presented  findings  in  a  podium  presentation  at  the  Societe 
International  d’Urologie  (SIU)  Annual  Congress  in  Fukuoka,  Japan 
(presented  on  October  3,  2012).  (APPENDIX  3) 

•  Submitted  manuscript 

o  Zareba  P,  Pettersson  A,  Gerke  T,  Chowdhury  D,  Flavin  R,  Finn  S, 

Penney  K,  Rider  J,  Nuttall  E,  Kantoff  P,  Stampfer  M,  Giovannucci  E,  Loda 
M,  Fiorentino  M,  Mucci  L.  Protein  expression  of  BRCA1  and  lethal 
prostate  cancer  progression.  (Submitted  to  Mol  Can  Res  in  July  2013). 
(APPENDIX  2) 

•  Published  manuscript 

o  Fiorentino  M,  Judson  G,  Penney  K,  Flavin  R,  Stark  J,  Fiore  C,  Fall  K, 
Martin  N,  Ma  J,  Sinnott  J,  Giovannucci  E,  Stampfer  M,  Sesso  HD,  Kantoff 
PW,  Finn  S,  Loda  M,  Mucci  L.  Immunohistochemical  expression  of 
BRCA1  and  lethal  prostate  cancer.  Cancer  Res.  2010;  70:  3136-9. 
(APPENDIX  1) 
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CONCLUSION 


The  results  from  this  project  and  ongoing  analyses  provide  support  for  our  hypothesis  that 
activation  of  BRCA1  in  prostate  tumors  is  a  consequence  of  an  increased  proliferation  rate  as  a 
compensatory  mechanism  of  tumor  cells  to  allow  DNA  repair  in  highly  replicating  cells.  As  a 
consequence,  tumor  expression  of  BRCA1  is  a  marker  of  prostate  cancer  that  has  a  propensity 
for  a  lethal  phenotype.  Beyond  cell  proliferation,  we  have  identified  unique  sets  of  gene 
pathways  altered  in  BRCA1  positive  prostate  tumors  that  may  indicate  new  biomarkers  of 
progression  and  an  understanding  of  the  unique  aspects  of  tumor  biology  associated  with 
BRCA1.  Our  analyses  on  common  genetic  variation  in  BRCA1  and  prostate  cancer-specific 
mortality  provide  further  compelling  evidence  for  the  study  hypothesis  that  BRCA1  plays  a  key 
role  in  the  progression  of  prostate  cancer.  The  integration  of  data  from  multiple  sources  - 
protein  expression,  mRNA  profiling,  genetic  variation,  clinical  outcomes  -  provides  a  deeper 
understanding  of  a  unique  subset  of  prostate  cancers  that  may  be  amenable  to  specific 
therapeutic  interventions.  Finally,  we  have  demonstrated  our  ability  to  undertake  this  large 
patho-epidemiology  cohort  and  create  a  biorepository  of  tumor  tissue  microarrays  from  men  for 
the  current  and  future  investigations. 
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SUPPORTING  DATA 


Table  1.  Patient  and  tumor  characteristics  of  the  HPFS  cohort  by  BRCA1  protein 
expression 


BRCA1  Negative 
(n=529) 

BRCA1  Positive 
(n=60) 

p-value 

Age  at  diagnosis  (years), 
mean  (SD) 

65.5  (6.3) 

66.2  (5.6) 

0.43a 

PSA  at  diagnosis  (ng/mL), 
median  (IQR) 

7.2  (5.1-11.4) 

8.3  (4.7-18.5) 

0.1 7b 

Follow-up  time  (years), 
median  (IQR) 

14.3  (11.9-17.3) 

14.1  (9.0-17.5) 

0.42b 

Gleason  score,  n  (%) 

<6 

94  (17.8) 

6  (10.0) 

0.01 c 

3  +  4 

198  (37.4) 

17(28.3) 

4  +  3 

137  (25.9) 

20  (33.3) 

>8 

100  (18.9) 

17(28.3) 

Pathologic  TNM  stage6,  n  (%) 

pT2 

342  (68.7) 

35  (72.9) 

0.34c 

pT3 

139  (27.9) 

13  (27.1) 

pT4/N+ 

17  (3.4) 

0(0) 

Lethal  prostate  cancer,  n  (%) 

59  (11.2) 

15  (25.0) 

0.002d 

HPFS,  Health  Professionals  Follow-Up  Study;  SD,  standard  deviation;  IQR,  interquartile  range;  PSA,  prostate- 
specific  antigen;  ap-value  derived  via  general  linear  model;  bWilcoxon  rank-sum  test;  Cchi-square  test  for  trend; 
dchi-square  test  for  heterogeneity; e limited  to  men  who  underwent  radical  prostatectomy _ 
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Table  2.  Association  between  BRCA1  protein  expression  and  extent  of  tumor 
proliferation,  apoptosis,  and  angiogenesis,  Health  Professionals  Follow-up  Study 


BRCA1 - 

BRCA1 + 

p-value 

Ki67  %  positive  nuclei,  n  (%) 

Q1  0(0f 

159  (33.5) 

11  (19.3) 

0.005 

Q2  0.01-0.11  (0.05) 

85  (17.9) 

10  (17.5) 

Q3  0.12-0.45  (0.23) 

120  (25.3) 

13  (22.8) 

Q4  >0.46(0.95) 

110  (23.2) 

23  (40.4) 

TUNEL  %  positive  nuclei,  n  (%) 

Q1  0(0) 

124  (30.7) 

10  (21.3) 

0.03 

Q2  0.1 -0.5  (0.5) 

136  (33.7) 

15  (31.9) 

Q3  0.6- 2.0  (2.0) 

64  (15.8) 

5  (10.6) 

Q4  >2.1  (5.0) 

80  (19.8) 

17  (36.2) 

Angiogenesis  parameters 

Micro  vessel  density^  (vessels/hpf), 
mean  (95%  Cl) 

69.6  (66.7,  72.7) 

72.5  (63.2,  83.2) 

0.59f 

Vessel  diameter,0  (pm),  mean  (95%  Cl) 

24.4  (24.0,  24.9) 

24.5  (23.1, 26.1) 

0.91' 

Vessel  area,0  (pm2)  mean  (95%  Cl) 

477  (456,  499) 

3.9  (3.8,  4.0)° 

481  (417,  555) 

0.91 f 

Lumen  irregularity ,b  mean  (95%  Cl) 

4.0  (3.7,  4.3) 

0.64' 

Q1,  first  quartile;  Q2,  second  quartile;  Q3,  third  quartile;  Q4,  fourth  quartile;  Cl,  confidence  interval;  hpf,  high-power 
field;  amedian  value  within  quartile; b higher  is  more  angiogenic;  clower  is  more  angiogenic;  dscore  of  1 .0  indicates 
perfectly  circular  vessels;  ®p-value  derived  by  chi-square  test  for  trend;  ’general  linear  model 
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Table  3.  Hazard  ratios  and  95%  confidence  intervals  of  the  association 
between  BRCA1  protein  expression  lethal  prostate  cancer,  Health 
Professionals  Follow-up  Study 


HR  (95%  Cl) 

p-value 

Univariate 

BRCA1 - 

Ref. 

0.003 

BRCA1 + 

2.40  (1.36-4.23) 

Multivariate 

BRCA1 - 

Ref. 

0.053 

BRCA1 + 

1.76  (0.99-3.11) 

Age  at  diagnosis a 

1.14  (0.75-1.71) 

0.54 

Gleason  score 

<6 

Ref. 

<0.001° 

3  +  4 

2.31  (0.51-10.53) 

4  +  3 

9.21  (2.19-38.8) 

>8 

17.9  (4.28-74.7) 

HR,  hazard  ratio;  Cl,  confidence  interval;  aage  at  diagnosis  was  divided 
by  a  factor  of  1 0;  btest  for  trend _ 
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Figure  I.  Co-expression  of  protein  tumor  expression  of  BRCA1  and  ki67  in 
prostate  cancer,  stratified  by  Gleason  grade 
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Figure  II.  Correlation  coefficients  of  mRNA  expression  of  28,000  genes  within 
technical  replicates  for  an  11-year  old  tissue  block  of  prostate  cancer  patient  in 
Physicians’  Health  Study,  Affymetrix  1.0  ST  Human  Array 
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Figure  III.  Ability  of  mRNA  expression  profiling  using  the  Affymetrix  1.0  ST  Human 
array  to  detect  meaningful  biological  signatures:  an  example  of  the  157-gene 
signature  of  Gleason  grade 
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Figure  IV.  Prostate  tumor  tissue  immunostaining  (A)  negative  and  (B)  positive  for 
BRCA1.  BRCA1  localizes  to  the  nucleus  which  is  stained  brown  with  DAB.  Slides 
were  counterstained  with  hematoxylin  and  photographed  at  a  magnification  of 
200x. 
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Abstract 

BRCAl  functions  as  a  tumor  suppressor;  recent  work  suggests  that  BRCA1  may  also  induce  cell  cycle  arrest  to 
allow  for  DNA  repair.  We  hypothesized  that  BRCAl  expression  in  prostate  tumor  tissue  may  be  associated  with 
prostate  cancer  progression  through  regulation  of  the  cell  cycle.  We  used  immunohistochemistry  to  evaluate 
BRCAl  protein  expression  in  archival  tumor  samples  from  393  prostate  cancer  cases  in  the  Physicians'  Health 
Study.  The  men  were  followed  prospectively  from  diagnosis  to  development  of  metastases  and  mortality.  Fifteen 
percent  of  tumors  stained  positive  for  BRCAl.  BRCAl -positive  tumors  had  substantially  increased  tumor  pro¬ 
liferation  index  compared  with  negative  tumors  (47.0  Ki67-positive  nuclei  versus  10.3,  P  =  0.0016)  and  were  more 
likely  to  develop  lethal  cancer  compared  with  BRCAl-negative  tumors  (hazard  ratio,  4.6;  95%  confidence  interval, 
2.4-8.7).  These  findings  strengthen  the  hypothesis  that  BRCAl  plays  a  role  in  cell  cycle  control  and  show  that 
BRCAl  is  a  marker  of  clinical  prostate  cancer  prognosis.  Cancer  Res;  70(8);  3136-9.  ©2010  AACR. 


Introduction 

BRCAl  is  a  multifunctional  tumor  suppressor  protein  im¬ 
plicated  in  regulating  the  maintenance  of  genome  integrity 
through  the  activation  of  DNA  repair  genes,  heterochromatin 
formation,  double  strand-break  repair,  homologous  recom¬ 
bination  events,  and  ubiquitination  (1-3).  Recently,  a  more 
complex  role  for  BRCAl  was  proposed,  whereby  BRCAl  can 
induce  arrest  at  different  cell  cycle  check  points  to  allow  for 
DNA  repair  (4-6). 

Mutations  in  BRCAl  have  been  associated  with  increased 
risk  of  breast,  ovarian,  and,  more  recently,  prostate  cancer— 
particularly  high-grade  disease  (7-12).  However,  although  mu¬ 
tations  in  BRCAl  may  influence  familial  prostate  cancer  risk 
and  progression,  few  studies  have  examined  BRCAl  protein 
expression  in  prostate  cancer  tumor  tissue,  and,  to  our  knowl- 
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edge,  none  have  correlated  expression  with  cancer  progres¬ 
sion  and  mortality.  Recently,  Schayek  and  colleagues  showed 
that  BRCAl  protein  expression  in  prostate  differentially 
regulates  IGF-IR  gene  expression  in  an  androgen-dependent 
manner  and  found  significantly  elevated  BRCAl  levels  in 
prostate  cancer  in  comparison  with  normal  prostate  tissue 
(13).  We  hypothesized  that  BRCAl  expression  could  have 
prognostic  relevance  in  prostate  cancer  through  its  regulation 
of  the  cell  cycle  regardless  of  germ-line  mutations. 

Materials  and  Methods 

We  undertook  a  prospective  study  among  392  men  in  the 
Physicians'  Health  Study  (refs.  14,  15;  http://clinicaltrials.gov 
identifier:  NCT00000500)  who  were  diagnosed  with  prostate 
cancer  from  1983  to  2004.  We  constructed  tumor  tissue  mi¬ 
croarrays  from  archival  prostatectomy  and  trans  urethral  re¬ 
section  of  the  prostate  tumor  tissue  specimens  using  three 
0.6-mm  cores  of  tumor  per  case.  Immunohistochemical  stain¬ 
ing  was  performed  on  5-pm  sections  of  the  tissue  microarrays 
(TMA)  to  assess  BRCAl  expression  [monoclonal  MS110  anti¬ 
body  specific  for  the  NH2  terminus  of  the  220  kDa  BRCAl  pro¬ 
tein  (Calbiochem),  diluted  1:50  after  EDTA-based  antigen 
retrieval]  and  cell  proliferation  [polyclonal  anti  Ki67  antibody 
(Vector  Labs),  diluted  1:2,000  after  citrate-based  antigen  re¬ 
trieval].  MCF7  and  HCC1937  cell  lines  were  used  as  positive 
and  negative  controls  for  BRCAl  immunostaining,  respective¬ 
ly.  Because  of  the  small  proportion  of  stained  nuclei  and  the 
homogeneous  intensity  of  the  immunostaining,  the  study 
pathologists  (M.F.  and  R.F.)  scored  tumor  expression  of 
BRCAl  manually  as  positive  or  negative;  Ki67  proliferation  in¬ 
dex  was  scored  by  quantitative  image  analysis  (Ariol  SL-50, 
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BRCA1  and  Lethal  Prostate  Cancer 


Figure  1.  Comparative 
representation  of  BRCA1 
expression  and  Ki67  proliferative 
index  in  serial  sections  of 
prostate  cancer  tissues  with 
different  Gleason  scores.  The 
brown  immunostaining  is  nuclear 
for  both  BRCA1  and  Ki67; 
slides  are  counterstained  with 
hematoxylin  (magnification 
x200). 
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Applied  Imaging;  Fig.  1).  The  possible  heterogeneity  of  the  im- 
munohistochemical  staining  for  BRCA1  was  also  controlled 
using  whole  sections  of  14  prostate  cancer  cases  included  in 
the  TMAs.  RNA  expression  levels  of  BRCA1  were  available 
from  a  subset  of  participants  ( n  =  116)  using  a  gene  expression 
profiling  study  that  applied  the  DASL  Illumina  6K  array  (16). 
The  study  was  approved  by  Partners  Health  Care  Institutional 
Review  Board. 

We  abstracted  data  on  age,  stage,  and  prostate  specific  an¬ 
tigen  (PSA)  levels  at  diagnosis  from  medical  records,  and 
conducted  a  standardized  histopathologic  review  for  Gleason 


score  (17,  18).  The  men  were  followed  prospectively  since  di¬ 
agnosis  for  the  development  of  bony  metastases  and  mortal¬ 
ity  through  March  2009,  without  loss  to  follow-up. 

We  evaluated  whether  BRCAl-positive  and  BRCA1- 
negative  tumor  status  based  on  immunohistochemistry  dif¬ 
fered  according  to  Gleason  score,  tumor  stage,  PSA  level, 
and  age  at  diagnosis  using  generalized  linear  regression  for 
continuous  data  and  x2  tests  for  categorical  data.  In  addition, 
we  assessed  BRCAl-positive  and  BRCAl-negative  prostate  tu¬ 
mors  for  the  number  of  Ki67-positive  nuclei  as  well  as  BRCA1 
RNA  expression  levels  using  ANOVA.  Mean  Ki67-positive 


Table  1.  Clinical  characteristics  of  392  men  in  the  Physicians' 
1983  to  2008 

BRCA1  negative 

Health  Study  according  to  BRCA1  status, 

BRCA1  positive  P 

n 

332 

60 

Age  at  diagnosis  (95%  Cl) 

66.5  (65.7-67.2) 

67.3  (65.6-69.0) 

0.37 

PSA  at  diagnosis  (95%  Cl) 

10.2  (6.0-14.4) 

27.0  (15.9-38.1) 

0.0056 

Mean  follow-up  time 

11.0  (10.5-11.4) 

8.8  (7. 7-9.9) 

0.0006 

n  dead/metastases  (%  of  total) 

24  (7.2) 

16  (26.7) 

<0.0001 

Gleason  score,  n  (%) 

0.004* 

4-6 

97  (29.2) 

10  (16.7) 

3+4 

116  (34.9) 

19  (31.7) 

4+3 

65  (19.6) 

10  (16.7) 

8-10 

52  (15.7) 

21  (35.0) 

Stage,  n  (%) 

0.0005* 

pT2 

207  (62.3) 

26  (43.3) 

pT3 

72  (21.7) 

4  (6.7) 

pT4/Ni 

4(1.2) 

4  (6.7) 

*P  for  trend. 
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nuclei  scores  were  logio  transformed  before  analysis  to  ac¬ 
count  for  the  uneven  distribution  of  scores  in  the  raw  data. 
To  assess  the  extent  to  which  BRCA1  status  was  associated 
with  poor  progression,  we  used  Cox  proportional  hazards 
models  and  examined  the  association  between  BRCA1  status 
and  lethal  prostate  cancer,  defined  as  development  of  dis¬ 
tant  metastases  or  prostate  cancer-specific  mortality.  All 
statistical  tests  were  two-sided. 

This  project  was  approved  by  the  Partners  Health  Care 
Institutional  Review  Board. 

Results 

Normal  prostate  tissue  did  not  stain  for  BRCA1;  however, 
15.3%  (n  =  60)  of  prostate  tumor  samples  showed  patchy  nu¬ 
clear  positive  immunostaining  with  a  punctuate  pattern  (Fig.  1). 
There  was  a  total  correspondence  between  BRCA1  staining  in 
the  TMA  cores  and  in  the  whole  sections  obtained  from  the 
selected  14  corresponding  donor  blocks  in  terms  of  signal  in¬ 
tensity  and  percentage  of  positive  nuclei.  Cases  that  stained 
positively  for  BRCA1  had  substantially  and  significantly 
higher  Gleason  score,  higher  PSA  levels  at  diagnosis,  and  more 
advanced  stage  compared  to  those  with  tumors  that  did  not 
stain  for  BRCA1  (Table  1).  Moreover,  BRCAl-positive  tumors 
were  marked  by  substantially  increased  tumor  proliferation 
index  compared  with  BRCAl-negative  tumors  (47.0  Ki67- 
positive  nuclei  versus  10.3,  P  =  0.0016).  Tumors  staining 
positive  for  BRCA1  also  showed  increased  BRCA1  mRNA 
relative  expression  [mean,  10.5;  95%  confidence  interval  (95% 
Cl),  10.2-10.8]  compared  with  tumors  negative  for  BRCA1 
(mean,  9.9;  95%  Cl,  9.7-10.1,  P  for  difference  =  0.008). 

During  a  mean  follow-up  of  10.6  years,  40  men  died  of 
cancer  or  developed  bony  metastases.  Sixteen  of  the  60 
men  (26.7%)  with  BRCAl-positive  tumors  died  of  prostate 
cancer,  compared  with  24  of  332  (7.2%)  men  who  were 
BRCA1  negative  [hazard  ratio  (HR),  4.6;  95%  Cl,  2.4-8.7].  This 
association  remained  statistically  significant  after  adjusting 
for  age  at  diagnosis  and  Gleason  score  (HR,  2.5;  95%  Cl, 
1.3-4.8).  Interestingly,  although  BRCAl-positive  tumors  had 
substantially  increased  tumor  proliferative  index,  the  associ¬ 
ation  of  BRCA1  and  lethal  prostate  cancer  remained  signifi¬ 
cant  after  controlling  for  log10-transformed  Ki67  expression 
(HR,  3.6;  95%  Cl,  1.6-8.0). 

Discussion 

This  study  represents  the  first  demonstration  of  a  direct 
correlation  between  the  expression  of  BRCA1  and  the  Ki67 
proliferative  index  in  prostate  cancer  and  further  strengthens 
the  hypothesis  that  BRCA1  may  play  a  role  in  cell  cycle 
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1  ABSTRACT 

2  BRCA1  is  a  tumor  suppressor  protein  involved  in  DNA  repair  and  is  often  overexpressed  in 

3  prostate  cancer  tumors.  Although  BRCA1  mutations  are  known  to  promote  carcinogenesis,  the 

4  role  of  BRCA1  protein  expression  in  prostate  cancer  progression  is  poorly  understood.  To 

5  approach  this  question,  we  performed  immunohistochemical  staining  for  BRCA1  protein  in 

6  archival  tumor  tissue  from  radical  prostatectomy  specimens  of  589  men  participating  in  the 

7  Health  Professionals  Follow-Up  Study,  characterizing  staining  as  present  or  absent.  Tumor 

8  proliferation  was  assessed  by  immunostaining  for  Ki67  and  apoptosis  was  assessed  using  a 

9  TUNEL  assay.  Subjects  were  followed  prospectively  through  201 1  from  the  date  of  diagnosis 

10  until  the  development  of  metastases  or  death.  Immunohistochemical  staining  was  positive  for 

1 1  BRCA1  protein  in  60  patients  (10%).  BRCA1 -positive  tumors  were  of  higher  grade  than 

12  BRCA1 -negative  tumors  (ptrend=0.01)  and  exhibited  higher  proliferative  and  apoptotic  indices 

13  (p trend = 0.005  and  0.03,  respectively).  During  a  median  follow-up  time  of  14  years,  59  men 

14  (11%)  in  the  BRCA1 -negative  group  and  15  men  (25%)  in  the  BRCA1 -positive  group  developed 

15  metastases  or  died  of  prostate  cancer.  On  unadjusted  analysis,  there  was  a  strong  positive 

16  association  between  BRCA1  protein  expression  and  risk  of  lethal  prostate  cancer  (HR  2.40,  95% 

17  Cl  1.36-4.23,  p=0.003).  After  adjusting  for  age  at  diagnosis  and  Gleason  score,  there  remained 

18  a  higher  risk  of  lethal  prostate  cancer  among  men  with  BRCA1 -positive  tumors  (HR  1.76,  95% 

19  Cl  0.99-3.1 1,  p=0.053).  Our  findings  suggest  that  BRCA1  expression  is  a  marker  of  an 

20  aggressive  prostate  cancer  phenotype  and  may  be  an  independent  predictor  of  cancer 

21  progression. 
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INTRODUCTION 

BRCA1  encodes  a  tumor  suppressor  protein  that  plays  an  integral  role  in  maintaining  genomic 
integrity.  The  BRCA1  protein  is  a  component  of  the  homologous  recombination  pathway  that 
repairs  DNA  double  strand  breaks  (1),  and  may  also  facilitate  DNA  repair  by  regulating 
chromatin  remodeling,  cell  cycle  checkpoint  control,  and  mitotic  spindle  pole  assembly  (2-5). 
Failure  to  repair  damaged  DNA  can  produce  mutations  that  promote  carcinogenesis  (5-7),  and 
germline  mutations  in  BRCA1  that  result  in  an  absent  or  defective  BRCA1  protein  have  been 
linked  to  an  increased  risk  of  developing  cancers  of  the  breast,  the  ovary,  and  more  recently  the 
prostate  (8,  9). 

Although  deficiency  of  functional  BRCA1  protein  promotes  carcinogenesis,  the  role  of  BRCA1 
in  cancer  progression  is  poorly  understood.  Paradoxically,  immunohistochemical  expression  of 
BRCA1  is  higher  in  prostate  tumor  tissue  than  in  benign  prostatic  epithelium  ( 10,  11).  Increased 
expression  of  BRCA1  has  also  been  shown  to  be  associated  with  decreased  survival  in  patients 
with  ovarian  (12,  13),  breast  (14),  and  non-small  cell  lung  carcinomas  (15),  indicating  the 
possibility  that  BRCA1  may  promote  tumor  growth  and  survival.  BRCA1  may  also  be  involved 
in  prostate  cancer  survival,  as  our  group  recently  reported  a  positive  association  between  BRCA1 
protein  expression  and  higher  Gleason  grade,  tumor  proliferative  index,  and  prostate  cancer 
mortality  in  a  large  cohort  of  male  physicians  (11).  The  objective  of  the  current  study  is  to 
corroborate  the  association  between  BRCA1  protein  expression  and  prostate  cancer  survival  in  a 
prospective  cohort  of  men  treated  predominantly  with  radical  prostatectomy. 

MATERIALS  AND  METHODS 


Study  Population 
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This  project  was  nested  among  men  with  prostate  cancer  who  are  participants  in  the  prospective 
Health  Professionals’  Follow-Up  Study.  In  1986,  it  enrolled  51,529  male  dentists,  pharmacists, 
optometrists,  osteopaths,  podiatrists,  and  veterinarians  between  40  and  75  years  of  age. 
Participants  are  asked  to  complete  a  questionnaire  relating  to  their  medical  history  and  lifestyle 
habits  every  two  years. 

Between  1986  and  2004,  5,626  study  participants  were  diagnosed  with  prostate  cancer.  Incident 
cases  of  prostate  cancer  were  ascertained  either  by  self-report  or  by  review  of  death  certificates. 
Of  these,  archival  surgical  specimens  were  obtained  for  1,023  men.  Immunohistochemical 
staining  for  BRCA1  was  performed  in  specimens  from  589  men,  and  they  comprise  the  cohort 
used  for  the  current  analysis.  All  study  participants  provided  informed  consent  and  approval  for 
the  study  was  obtained  from  the  Institutional  Review  Board  of  the  Harvard  School  of  Public 
Health  and  Partners  Health  Care. 

Data  Collection 

Data  on  age,  pathological  stage,  and  prostate-specific  antigen  (PSA)  level  at  diagnosis  were 
abstracted  from  medical  records  and  pathology  reports.  H&E  slides  from  archival  prostatectomy 
specimens  were  re-reviewed  for  Gleason  grade  and  other  histologic  features  by  study 
pathologists  (M.F.,  R.F.,  S.F.,  M.L.). 

Dates  and  causes  of  death  were  assigned  by  way  of  a  centralized  review  of  medical  records  and 
death  certificates  by  study  physicians.  Since  2000,  data  on  development  of  distant  metastases 
were  also  tracked  by  way  of  patient  questionnaires  and  review  of  medical  records. 


Immunohistochemical  Analysis 
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Within  the  Health  Professionals  Follow-up  Study,  we  have  retrieved  the  archival  formalin-fixed, 
paraffin-embedded  tumor  tissue  specimens.  The  majority  of  tissue  came  from  prostatectomy 
specimens  (93%),  with  the  remainder  from  transurethral  resection  of  prostate  (TURP)  tissue 
(6%)  and  lymph  nodes  (one  specimen).  All  cases  were  reviewed  by  pathologists  to  identify  areas 
of  high-density  tumor  for  construction  of  tissue  microarrays.  Using  a  manual  arrayer,  we 
sampled  at  least  three  tumor  cores  (0.6  mm)  from  each  case  and  embedded  them  in  the  recipient 
tissue  microarray  block;  five  tissue  microarrays  containing  the  589  cases  were  used  in  this  study. 

Immunohistochemical  staining  was  performed  on  5  pm  sections  of  each  tissue  microarray  as 
previously  described  (11).  Briefly,  staining  for  BRCA1  was  performed  using  a  monoclonal 
MSI  10  antibody  specific  for  the  N-terminal  of  the  functional  BRCA1  protein  (Calbiochem), 
diluted  1:50  after  EDTA-based  antigen  retrieval  (see  Figure  1).  BRCA1  tumor  expression  was 
graded  manually  by  the  study  pathologists  as  either  BRCA1  present  or  absent,  regardless  of 
staining  intensity.  Data  was  also  available  on  Ki67  proliferative  rate  for  531  patients  using  a 
polyclonal  antibody  (Vector  Labs),  diluted  1:2,000  after  citrate -based  antigen  retrieval,  and 
scored  by  quantitative  image  analysis  as  the  number  of  positive  nuclei  over  the  total  number  of 
neoplastic  nuclei.  The  TUNEL  assay  was  used  to  assess  apoptosis  and  the  apoptotic  rate  was 
scored  semi-quantitatively  by  eye  in  451  patients.  Presence  of  TMPRSS2:ERG  rearrangements 
was  determined  in  574  patients  by  immunohistochemical  staining  for  ERG  protein  (16).  A 
subset  of  433  specimens  was  also  analyzed  for  morphologic  markers  of  tumor  angiogenesis 
(vessel  density,  area,  diameter,  and  irregularity)  using  semiautomated  image  analysis  as 
described  in  a  previous  report  (17). 


Statistical  Analysis 


Running  title:  BRCA1  protein  expression  in  prostate  cancer 


7 


We  compared  age  at  diagnosis,  PSA  level  at  diagnosis,  and  tumor  grade  and  stage  according  to 
BRCA1  expression  status.  Proliferative  and  apoptotic  indices,  ERG  protein  expression,  and 
markers  of  angiogenesis  were  also  assessed  for  correlation  with  BRCA1  expression. 

Associations  were  tested  using  chi-square  tests  for  trend  for  categorical  variables  and  general 
linear  models  or  the  Wilcoxon  rank  sum  test  for  continuous  variables.  Ki67  and  TUNEL  scores 
were  categorized  into  quartiles  for  the  purpose  of  the  analysis  to  account  for  their  non-normal 
distribution,  while  the  angiogenesis  parameters  were  log-transformed. 

The  relationship  between  BRCA1  expression  and  prostate  cancer  progression  was  assessed  using 
Cox  proportional  hazards  models  to  calculate  hazard  ratios  (and  95%  confidence  intervals).  The 
event  of  interest  was  defined  as  the  development  of  bone  or  visceral  metastases  or  death  due  to 
prostate  cancer.  Person-time  was  calculated  from  the  date  of  diagnosis  to  development  of 
metastases,  death  due  to  prostate  cancer-related  causes  (whichever  occurred  earlier),  or  censored 
at  death  from  other  causes  or  the  end  of  follow-up  (January  2012).  In  multivariate  models, 
estimates  were  adjusted  for  age  at  diagnosis  (continuous,  in  years),  Gleason  grade  (<6,  3+4, 
4+3,  and  >8),  and  Ki67  proliferative  index  (categorized  into  quartiles).  Interaction  terms  were 
used  to  assess  for  effect  modification  by  specimen  type  (RP  or  TURP),  Gleason  grade,  and  Ki67 
proliferative  index.  All  analyses  were  performed  using  Statistical  Analysis  Software  (SAS) 
version  9.1  (Cary,  NC). 


RESULTS 

A  total  of  589  men  with  prostate  cancer  who  were  participants  in  the  Health  Professionals 
Follow-up  Study  were  included  in  the  analysis.  Mean  age  at  diagnosis  was  65.5  years  and 


median  PSA  at  diagnosis  was  7.2  ng/mL  (interquartile  range  5.1  - 1 1.7  ng/mL).  The  men  had 
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cancers  that  were  primarily  low  or  intermediate  grade,  with  17%  being  assigned  a  Gleason  grade 
of  6  or  less  and  37%  being  assigned  a  Gleason  grade  of  3+4.  Among  men  who  underwent 
radical  prostatectomy,  extraprostatic  extension  (pT3)  was  found  in  152  specimens  (28%),  while 
3%  of  men  had  locally  advanced  or  lymph  node-positive  disease  (pT4/N+). 

Ten  percent  (N=60)  of  the  patients  had  tumors  that  stained  positive  for  BRCA1.  Patient  and 
tumor  characteristics  by  BRCA1  expression  status  are  shown  in  Table  1.  Patients  with  BRCA1- 
positive  tumors  did  not  differ  from  those  with  BRCA1 -negative  tumors  in  age  (mean  age  66.2 
years  vs.  65.5  years,  respectively,  p=0.43)  or  PSA  level  at  diagnosis  (median  PSA  8.3  ng/mL  vs. 
7.2  ng/mL,  p=0.17).  There  was,  however,  a  strong  association  between  BRCA1  expression 
status  and  Gleason  grade,  with  BRCA1  -positive  tumors  being  of  higher  grade  (ptrend=0.01)  than 
BRCA1 -negative  tumors.  Among  men  treated  with  radical  prostatectomy,  no  correlation 
between  BRCA1  expression  and  pathologic  TNM  stage  was  found. 

Compared  to  BRCA1 -negative  tumors,  tumors  expressing  BRCA1  exhibited  a  higher  degree  of 
cell  proliferation,  as  measured  by  Ki67  expression  (ptrend=0.005),  and  a  higher  degree  of 
apoptosis,  as  measured  by  the  TUNEL  assay  (ptrend=0.03;  see  Table  2).  These  associations 
persisted  after  adjustment  for  Gleason  grade  (analyses  not  shown).  No  association  was  found 
between  BRCA1  status  and  presence  of  TMPRSS2:ERG  expression  or  markers  of  angiogenesis. 

During  a  median  follow-up  of  14  years  after  diagnosis,  74  men  developed  distant  metastases  or 
died  of  prostate  cancer-related  causes,  59  (11%)  in  the  BRCA1 -negative  group  and  15  (25%)  in 
the  BRCA1 -positive  group  (see  Table  1).  On  unadjusted  analysis,  there  was  a  strong  positive 
association  between  BRCA1  protein  expression  and  risk  of  lethal  prostate  cancer  (HR  2.40,  95% 
Cl  1.36-4.23  ,  />=(). 003;  see  Table  3).  Adjustment  for  Gleason  grade  alone  attenuated  this 
association  (HR  1.75,  95%  Cl  0.99-3.09,  p  =  0.056),  but  adjustment  for  age  at  diagnosis  alone 
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did  not  (HR  2.39,  95%  Cl  1.36  -  4.22,  p-  0.003).  After  adjustment  for  both  age  at  diagnosis  and 
Gleason  score,  there  remained  a  higher  risk  of  lethal  prostate  cancer  in  men  with  BRCA1- 
positive  tumors  (HR  1.76,  95%  Cl  0.99-3.1 1,  p=0.053).  Additional  adjustment  for  Ki67 
proliferative  index  or  TUNEL  apoptotic  index  did  not  attenuate  the  association  between  BRCA1 
expression  and  survival  (data  not  shown).  We  found  no  statistically  significant  difference  in  the 
relationship  between  BRCA1  expression  and  lethal  prostate  cancer  by  specimen  type  (RP  or 
TURP),  Gleason  grade,  or  proliferative  index  (data  not  shown). 

DISCUSSION 

In  this  large  cohort  of  men  with  prostate  cancer,  tumors  expressing  BRCA1  protein  demonstrated 
a  more  aggressive  phenotype  than  BRCA1 -negative  tumors,  with  higher  Gleason  scores  as  well 
as  increased  indices  of  proliferation  and  apoptosis.  BRCA1  protein  expression  was  also 
associated  with  a  2-fold  increase  in  risk  of  progression  to  lethal  prostate  cancer  after  adjustment 
for  age  and  Gleason  score. 

BRCA1  protein  has  previously  been  shown  to  be  overexpressed  in  malignant  prostate  glands 
compared  to  normal  prostatic  epithelium  (10,  11).  Although  we  did  not  quantify  expression  of 
BRCA1  protein  in  benign  prostate  tissue,  we  did  confirm  the  positive  association  between  tumor 
BRCA1  expression  and  both  Gleason  grade  and  proliferative  index  that  was  previously  found  in 
the  Physicians’  Health  Study  (PHS)  (11).  In  addition,  the  current  study  is  the  first  to  report  a 
positive  association  between  BRCA1  expression  and  apoptotic  index,  and  also  the  first  to  show 
that  the  associations  between  BRCA1  expression  and  both  tumor  proliferation  and  apoptosis  are 
independent  of  Gleason  grade.  In  keeping  with  the  PHS  analysis,  which  showed  BRCA1 
expression  to  be  a  strong  predictor  of  lethal  prostate  cancer  even  after  adjustment  for  age  and 


Gleason  grade  (HR  2.5,  95%  Cl  1.3-4. 8),  multivariate  analysis  of  the  HPFS  cohort  revealed  a 
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76%  (HR  1.76,  95%  Cl  0.99-3.11,  p  =  0.053)  higher  risk  of  developing  metastases  or  prostate 
cancer-related  death.  Taken  together,  the  results  from  these  two  cohorts  suggest  that  prostate 
tumors  expressing  BRCA1  protein  carry  a  more  aggressive  phenotype,  and  that  BRCA1 
expression  may  be  a  novel  prognostic  marker  in  men  with  prostate  cancer. 

The  BRCA1  gene  codes  for  a  1,863  base  pair  protein  that  is  an  integral  component  of  the 
homologous  recombination  (HR)  DNA  repair  pathway  (18,  19).  The  HR  pathway  uses 
sequences  on  homologous  sister  chromatids  as  templates  to  repair  DNA  double  strand  breaks 
with  great  accuracy  (19-21).  Inappropriate  fusion  of  double  strand  breaks  can  produce 
chromosomal  rearrangements  and  resultant  gene  loss,  amplification,  or  fusions  that  contribute  to 
carcinogenesis  (5-7). 

While  deficiency  of  functional  BRCA1  protein  can  promote  the  transformation  of  benign 
prostatic  epithelium  into  cancer,  subsequent  BRCA1  expression  in  tumor  tissue  could  be 
indicative  of  a  more  aggressive  phenotype  and  portend  a  worse  prognosis.  In  addition  to  its  role 
in  DNA  repair,  BRCA1  protein  has  been  shown  to  be  involved  in  cell  cycle  checkpoint  control 
(3).  The  strong  association  between  BRCA1  expression  and  Ki67  proliferative  index  found  in 
both  the  HPFS  and  PHS  analyses  raises  the  possibility  that  BRCA 1  expression  may  be 
upregulated  in  highly  proliferative  tumors  in  a  futile  attempt  to  check  their  growth. 

However,  the  fact  that  adjustment  for  Ki67  in  this  analysis  did  not  significantly  attenuate  the 
association  between  BRCA1  and  lethal  prostate  cancer  suggests  that  BRCA1  may  promote 
cancer  progression  by  other  mechanisms.  For  example,  it  is  known  that  the  accelerated 
replication  and  growth  of  cancer  cells  results  in  a  rapid  accrual  of  double  strand  breaks  that,  if 
not  promptly  repaired,  trigger  cancer  cell  senescence  or  apoptosis  (6,  22,  23).  Overexpression  of 
BRCA1  and  other  homologous  repair  pathway  components  could  therefore  be  an  adaptive 
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mechanism  that  confers  a  survival  advantage  to  the  cancer  cell  by  averting  double  strand  break- 
induced  apoptosis.  This  hypothesis  is  in  keeping  with  the  strong  association  between  BRCA1 
expression  and  tumor  proliferation  and  apoptosis  seen  in  our  study,  both  of  which  would  be 
expected  to  correlate  positively  with  DNA  damage  stress.  A  similar  phenomenon  has  been 
described  in  patients  with  non-small  cell  lung  cancer,  in  whom  immunohistochemical  expression 
of  the  HR  pathway  component  Rad5 1  has  been  shown  to  be  an  independent  predictor  of  worse 
survival  (24). 

In  addition  to  its  prognostic  significance,  BRCA1  expression  status  may  have  therapeutic 
implications.  BRCA1  has  been  shown  to  modulate  chemosensitivity  in  ovarian,  breast,  and  non¬ 
small  cell  lung  carcinomas,  with  tumors  expressing  BRCA1  being  relatively  resistant  to  DNA- 
damaging  agents  such  as  bleomycin,  etoposide,  and  cisplatin,  and  more  sensitive  to  mitotic 
inhibitors  such  as  paclitaxel  (25-27).  Whether  the  sensitivity  of  castration-resistant  prostate 
cancers  to  docetaxel-based  chemotherapy  differs  according  to  BRCA1  status  presents  an  avenue 
for  exploration.  Similarly,  because  ionizing  radiation  exerts  its  tumoricidal  effect  by  inducing 
DNA  damage,  radiosensitivity  of  prostate  tumors  may  likewise  differ  according  to  BRCA1  status 
(28).  In  the  future,  tumor  BRCA1  expression  may  also  guide  therapy  with  biologies  targeting 
DNA  damage  response  pathways.  One  such  targeted  therapy,  poly-ADP(ribose)  polymerase- 1 
(PARP1)  inhibitors,  prevents  repair  of  single  stranded  DNA  breaks,  which  can  progress  to 
double  strand  breaks.  Not  surprisingly,  cancers  in  BRCA1  mutation  carriers  have  been  shown  to 
be  particularly  sensitive  to  PARP1  inhibition  (29,  30),  and  future  use  of  PARP1  inhibitors  in 
prostate  cancer  patients  may  be  guided  by  tumor  BRCA1  expression. 

This  is  the  largest  study  to  date  of  BRCA1  expression  in  prostate  cancer,  and  the  first  to  report  an 
association  between  BRCA1  expression  and  apoptotic  index.  The  strengths  of  the  HPFS  cohort 
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are  its  prospective  design  and  complete  follow-up,  allowing  us  to  study  lethal  prostate  cancer  as 
the  primary  endpoint.  The  specimens  underwent  centralized  histopathologic  review  by 
experienced  genitourinary  pathologists.  The  fact  that  the  cohort  consists  almost  exclusively  of 
white  professionals  could  limit  generalizability  of  the  findings  to  the  general  male  population. 
However,  although  the  prevalence  of  BRCA1  protein  expression  may  differ  by  race,  it  seems 
unlikely  that  the  biological  associations  of  BRCA1  would  differ  by  socioeconomic  status. 

In  summary,  BRCA1  protein  expression  in  prostate  cancer  is  strongly  correlated  with  tumor 
grade  and  proliferation,  and  may  be  an  independent  predictor  of  cancer  progression.  The 
biological  role  of  BRCA1  in  tumor  survival  as  well  as  the  role  of  BRCA1  expression  in  guiding 
prostate  cancer  therapy  deserve  further  study. 
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Table  1.  Patient  and  tumor  characteristics  of  the  HPFS  cohort  by  BRCA1  protein  expression 


BRCA1  Negative 

BRCA1  Positive 

p -value 

(n=529) 

(n=60) 

Age  at  diagnosis  (years), 

65.5  (6.3) 

66.2  (5.6) 

0.43a 

mean  (SD) 

PSA  at  diagnosis  (ng/mL), 
median  (IQR) 

7.2  (5.1-11.4) 

8.3  (4.7-18.5) 

0.17b 

Follow-up  time  (years), 
median  (IQR) 

Gleason  score,  n  (%) 

14.3  (11.9-17.3) 

14.1  (9.0-17.5) 

0.42b 

<6 

94(17.8) 

6(10.0) 

0.01c 

3  +  4 

198  (37.4) 

17  (28.3) 

4  +  3 

137  (25.9) 

20  (33.3) 

>8 

Pathologic  TNM  stage1 ,  n  (%) 

100  (18.9) 

17  (28.3) 

pT2 

342  (68.7) 

35  (72.9) 

0.34c 

pT3 

139  (27.9) 

13  (27.1) 

pT4/N+ 

17  (3.4) 

0(0) 

Lethal  prostate  cancer,  n  (%) 

59(11.2) 

15  (25.0) 

0.002d 

HPFS,  Health  Professionals  Follow-Up  Study;  SD,  standard  deviation;  IQR,  interquartile  range;  PSA,  prostate-specific 
antigen;  a/?-value  derived  via  general  linear  model;  bWilcoxon  rank-sum  test;  Cchi-square  test  for  trend;  dchi-square  test  for 
heterogeneity; e  limited  to  men  who  underwent  radical  prostatectomy 
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Table  2.  Association  between  BRCA1  protein  expression  and  extent  of  tumor  proliferation, 
apoptosis,  and  angiogenesis,  Health  Professionals  Follow-up  Study 


BRCA1 - 

BRCA1 + 

p-value 

Ki67  %  positive  nuclei ,  n  (%) 

Q1  0(0)a 

159  (33.5) 

11  (19.3) 

0.005e 

Q2  0.01-0.11  (0.05) 

85  (17.9) 

10(17.5) 

Q3  0.12  -  0.45  (0.23) 

120  (25.3) 

13  (22.8) 

Q4  >0.46(0.95) 

110(23.2) 

23  (40.4) 

TUNEL  %  positive  nuclei,  n  (%) 

Q1  0(0) 

124  (30.7) 

10(21.3) 

0.03e 

Q2  0.1 -0.5  (0.5) 

136  (33.7) 

15  (31.9) 

Q3  0. 6-2.0  (2.0) 

64(15.8) 

5  (10.6) 

Q4  >2.1  (5.0) 

80(19.8) 

17  (36.2) 

Angiogenesis  parameters 

Microvessel  density  (vessels/hpf), 
mean  (95%  Cl) 

69.6  (66.7,  72.7) 

72.5  (63.2,  83.2) 

0.59f 

Vessel  diameter, c  (pm),  mean  (95%  Cl) 

24.4  (24.0,  24.9) 

24.5  (23.1,  26.1) 

0.91* 

Vessel  area,c  (pm")  mean  (95%  Cl) 

477  (456,  499) 

481  (417,555) 

0.91* 

Lumen  irregularity ,b  mean  (95%  Cl) 

3.9  (3.8,  4.0)d 

4.0(3.7,43) 

0.64* 

Ql,  first  quartile;  Q2,  second  quartile;  Q3,  third  quartile;  Q4,  fourth  quartile;  Cl,  confidence  interval;  hpf  high-power  field; 

a median  value  within  quartile; b higher  is  more  angiogenic; c lower  is  more  angiogenic; 
circular  vessels;  e/?-value  derived  by  chi-square  test  for  trend;  *  general  linear  model 

d  score  of  1 .0  indicates  perfectly 
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Table  3.  Hazard  ratios  and  95%  confidence  intervals  of  the  association  between 
BRCA1  protein  expression  lethal  prostate  cancer,  Health  Professionals  Follow-up 
Study 


HR  (95%  Cl) 

p-value 

Univariate 

BRCA1 - 

Ref. 

0.003 

BRCA1 + 

2.40(1.36-4.23) 

Multivariate 

BRCA1 - 

Ref. 

0.053 

BRCA1  + 

1.76  (0.99-3.11) 

Age  at  diagnosis a 

1.14  (0.75-1.71) 

0.54 

Gleason  score 

<6 

Ref. 

<0.001b 

3  +  4 

2.31  (0.51-10.53) 

4  +  3 

9.21  (2.19-38.8) 

>8 

17.9  (4.28-74.7) 

HR.  hazard  ratio;  Cl,  confidence  interval;  aage  at  diagnosis  was 

divided  by  a 

factor  of  10;  btest  for  trend 
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Figure  legends 

Figure  1.  Prostate  tumor  tissue  immunostaining  (A)  negative  and  (B)  positive  for  BRCA1. 
BRCA1  localizes  to  the  nucleus  which  is  stained  brown  with  DAB.  Slides  were  counterstained 
with  hematoxylin  and  photographed  at  a  magnification  of  200x. 


IMMUNOHISTOCHEMICAL  EXPRESSION  OF  BRCA1  AND  PROSTATE  CANCER 


PROGRESSION  IN  A  RADICAL  PROSTATECTOMY  COHORT 

Introduction  and  Objective:  BRCA1  encodes  a  tumor  suppressor  protein  that  plays  an 
important  role  in  repair  of  DNA  double  strand  breaks.  Although  BRCA1  mutations  are  known  to 
promote  carcinogenesis,  the  role  of  BRCA1  protein  in  cancer  progression  and  survival  is  poorly 
understood.  The  objective  of  this  study  was  to  determine  the  association  between  tumor 
expression  of  BRCA1  protein  and  survival  in  men  with  prostate  cancer. 

Materials  and  Methods:  Immunohistochemical  staining  for  BRCA1  was  perfonned  in  589 
radical  prostatectomy  specimens  from  men  participating  in  the  Health  Professionals’  Follow-Up 
Study.  BRCA1  expression  was  graded  as  either  present  or  absent.  Tumor  proliferation  was 
assessed  using  immunostaining  for  Ki67.  Study  participants  were  followed  prospectively  from 
the  date  of  diagnosis  until  death  or  the  development  of  bone  or  visceral  metastases.  Proportional 
hazards  regression  was  used  to  assess  the  relationship  between  BRCA1  expression  and  lethal 
prostate  cancer. 

Results:  Immunohistochemical  staining  was  positive  for  BRCA1  in  60  patients  (10.2%).  There 
was  a  strong  correlation  between  BRCA1  expression  status  and  Gleason  grade,  with  BRCA1- 
positive  tumors  being  of  higher  grade  than  BRCA1 -negative  tumors  (ptrend=0.01).  Likewise, 
tumors  expressing  BRCA1  exhibited  a  higher  proliferative  index  (ptrend=0.005).  During  a 
median  follow-up  time  of  13.8  years,  58  men  (1 1.0%)  in  the  BRCA1 -negative  group  and  14  men 
(23.3%)  in  the  BRCA1 -positive  group  developed  metastases  or  died  of  prostate  cancer-related 
causes.  On  unadjusted  analyses,  there  was  a  strong  positive  association  between  BRCA1 
expression  and  risk  of  lethal  prostate  cancer  (HR2.26,  95%  Cl  1.26-4.04,  p=0. 006).  After 
adjusting  for  age  at  diagnosis  and  Gleason  score,  there  remained  a  trend  toward  a  higher  risk  of 


lethal  prostate  cancer  in  BRCA1 -positive  tumors  (HR  1.68,  95%  Cl  0.93-3.02, p=0. 08).  This 
association  was  not  significantly  attenuated  by  adjustment  for  Ki67  proliferative  index. 

Conclusions:  BRCA1  expression  in  prostate  cancer  is  strongly  correlated  with  tumor  grade  and 
proliferative  index,  and  may  be  an  independent  predictor  of  cancer  progression.  The  biological 
mechanisms  by  which  BRCA1  may  promote  tumor  survival  and  the  role  of  BRCA1  expression 
in  guiding  therapy  in  patients  with  castrate-resistant  prostate  cancer  deserve  further  study. 
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Using  data  from  two  large  prospective  cohorts,  our  group  recently  reported  associations  between 
presence  of  BRCA1  protein  expression  in  prostate  tumor  tissue  and  higher  Gleason  grade, 
substantially  increased  tumor  proliferation  index,  and  greater  risk  of  lethal  cancer.  These  findings 
are  seemingly  in  contrast  to  evidence  that  deficiencies  in  the  tumor  suppressor  and  DNA  repair 
protein  BRCA1  are  implicated  in  breast  tumorigenesis.  Further  research  is  needed  to  elucidate 
the  biological  nature  of  aberrant  BRCA1  expression  and  its  participation  in  prostate  cancer 
progression.  We  hypothesized  that  the  integration  of  mRNA  expression  with  BRCA1  protein 
expression  in  prostate  tumor  tissue  may  help  guide  such  investigations. 

The  present  study  utilizes  existing  gene  expression  profiling  data  of  6096  genes  from  archival 
prostate  tumor  tissue  for  116  men  in  the  Physicians’  Health  Study  who  were  predominately 
treated  with  radical  prostatectomy.  Among  this  group,  91  had  been  characterized 
immunohistochemically  for  BRCA1  protein,  which  was  graded  as  present  or  absent  by  dedicated 
study  pathologists.  Increased  risk  of  lethal  prostate  cancer  for  high  BRCA1  was  corroborated  at 
the  mRNA  level,  with  each  standard  deviation  increase  in  expression  yielding  an  odds  ratio  of 
2.23  (95%  Cl  1.39-3.86,  p=0.002)  for  lethal  disease.  Expression  levels  for  each  of  the  6096 
genes  assayed  were  evaluated  for  association  with  the  presence  of  BRCA1  protein  using  a  gene- 
wise  linear  modeling  approach.  Although  BRCA1  mRNA  expression  was  correlated  with 
BRCA1  positive  staining  (p=0.03),  420  genes  exhibited  a  stronger  association.  Eight  genes 
(NR4A1,  BCL3,  HPN,  BMP6,  EGR1,  BTG2,  FOS,  and  HIPK2)  maintained  a  significant 
relationship  (FDR  q<0.05)  after  adjustment  for  multiple  testing.  Gene  set  analyses  were  also 
performed  using  the  186  available  KEGG  pathways  from  the  Broad’s  Molecular  Signatures 
Database.  The  top  5  ranking  pathway-level  associations  included  cell  cycle,  DNA  replication, 
regulation  of  autophagy,  NOD-like  receptor  signaling,  and  progesterone-mediated  oocyte 
maturation. 

Taken  together,  the  mRNA  associations  with  BRCA1  protein  expression  support  previous 
hypotheses  that  BRCA1  may  relate  to  prostate  cancer  survival  through  participation  in  cell  cycle 
control  and,  in  particular,  IGF  signaling.  Notably,  IGF  has  been  linked  to  BMP6  and  FOS 
expression  in  osteogenic  environments,  suggesting  one  possible  postulate  for  increased  bone 
metastases  incidence  in  men  with  BRCA1  positive  tumors. 


